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INTRODUCTION

Applications of thermal analysis in fossil fuel research date back as far as the
techniques themselves. Thermogravimetry (TG) had been used by Somiya and Hirano in
1930 to determine the volatile yield of many coals (1). Advances in design of
thermogravimetric analyzers (TGA) now allow experiments to be carried out simply and fast
in high accuracy under various conditions from vacuum to high pressure (2-4). A TG method
has been devised for the proximate analysis of coal with the results of the same precision
and accuracy as BS and ASTM methods (5).

Thermogravimetric (TG) techniques have been used in our laboratory to characterize
fossil fuel samples (6) and to study coal liquefaction kinetics, mechanisms, and processes (7-
10). TGA has been providing sensitive, rapid, and reproducible measurements for those
purposes. The various weight loss processes determined during the TG analysis reflect the
physical and chemical structural changes during the conversion. Thermogravimetric analysis
has other desirable features as well. First, only very small samples, usually about 30 mg, are
required for each TG scan. Second, by suitable adjustments in the work-up procedures and
the TG operating parameters, thermogravimetric analysis reveals important information
concerning the reaction pathways. Besides, custom-built- thermogravimetric techniques
provide very flexible means and unique features for fossil fuel research (11-13).

Development and applications of the TG techniques in our laboratory are reported
in this paper. These include 1). characterization of coal structure; 2). determining the
liquefaction conversion and measuring the rate of the retrograde reactions occurring during
coal liquefaction; 3).'evaluating the thermal and catalyzed hydroprocessing of the coal-
derived resids; and 4). determining the boiling range of liquid fuels. Various effects
including the TG operating variables, such as heating rate, purge gas type (e.g. H, or N,),
gas flow rate, and modification of the TG sample pan as well as a method for the
development of a custom built thermogravimetric system are also discussed in this paper.

EXPERIMENTAL

Apparatus. The Thermogravimetric Analyses (TGA) were performed with a Model
51 TGA (TA Instruments, New Castle, Delaware).

Procedures. An approximately 30-60 mg sample (e.g. coal, coal liguefaction residue,
coal liquid, coal-derived resid, eftc.) was loaded in a quartz pan and mounted in the
instrument. Selected TG scans were processed using an 11-point smoothing filter of the
Linear Regression & Error Analysis procedure (14). The program of manipulation of the
TG operating variables was determined by the objectives of the particular experiment.

Materials Studied. Eight coals of rank from lignite to l.v.bituminous were obtained
from the Argonne Premium Coal Sample bank. Analytical values of the these coals are
given in the User ‘s Handbook (15). Two 850°Fdistillation residue oils (resids), one derived
from Wyodak subbituminous coal and another from Pittsburgh bituminous coal, were
obtained from the Wilsonville Pilot Plant Runs 259 and 260, and prepared and composited
by CONSOL Research. At room temperature, these two resids are solid and only partially
soluble in tetralin.

RESULTS AND DISCUSSION

Coal Structure and Composition. A representative TG scan on the Iilinois #6 coal
is shown in Figure I.In brief, two stages, i.e.,1) the heating rate at 10 °C/min to 950°Cin
nitrogen and hold for 7 min; and 2) the oxidation at 950°C,provided measures of Volatile
Matter (VM), Fixed Carbon (FC), and Ash. Ash content measured by TGA is in close
agreement with that determined by ASTM D3174. When a coal sample is bright to 110 °C
in nitrogen and hold for 10 min, the weight loss is a measure of the moisture content (16).

The differential of the weight loss (DTG) curve highlights the various TG processes
more clearly. The DTG curve for Illinois #6 shows a pattern which is more complex than
many of the other Argonne coals. This becomes even more distinct and complex if the
heating rate is slowed down to about 1 °C/min (6).

Thermogravimetric analyses were also run in a hydrogen atmosphere. This provided
additional information regarding the structure of coal. (For safety reasons, hydrogen MUST
be thoroughly displaced by nitrogen before air or oxygen is introduced.) DTG curves of the
eight Argonne Premium Coals in nitrogen and in hydrogen show similar patterns. However,
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the Volatile Matter yields at heating rates from 10 °C/min to 200 °C/min are consistently
higher, and therefore the Fixed Carbon yields are lower, in hydrogen than in nitrogen.
More importantly, the heating rate has a strong effect on the yields of Volatile Matter in
either hydrogen or nitrogen. In hydrogen, the Volatile Matter yields decrease somewhat as
the heating rate increases. This may be because the pyrolysis time is shorter at higher
heating rate, providing less time for reaction with the molecular hydrogen to form more
volatile products. However, in nitrogen, the Volatile Matter yields increase with increasing
heating rate. This phenomenon may be because, at the low heating rates, the unquenched
free radicals react to form more retrograde products (fixed carbon). This is consistent with
the flash pyrolysis process, where the oil and gas product yields increase with increasing
heating rate.

TGA provides an objective measure of coal rank. DTG curves scanned in 100
cm’(STP)/min nitrogen at 10 °C/min for the eight Argonne Premium Coals (which were
dried in a vacuum oven with a nitrogen purge at 105 °Cfor 48 hours before use) are shown
in Figure 2. These coals range ranking from lignite to l.v.bituminous. This plot clearly
shows the gradual shift of peak temperature as the coal rank increases from Lignite to low
volatile bituminous coal. However, the peak height increases to a maximum at about 81
wt% (daf) Carbon and then decreases as the rank increases.

Coal Liquefaction Studies. A Short-Contact-Time Batch Reactor (SCTBR) was used
to run coal liquefaction. This reactor apparatus allows the heat up and quenching of the
process stream to and from reaction temperature in about 0.3 seconds, respectively. The
design and operation of such a SCTBR reactor system have been described in detail
elsewhere (17,18). After a liquefaction run, the product mixture was filtered and the solid
residue washed with fresh tetralin thoroughly, then rinsed with methylene chloride to remove
residual tetralin, and dried in a vacuum oven with a nitrogen purge at about 105 °C for 48
hours. This resulted in the production of a liquid_filtrate, which consisted mainly of tetralin
and dissolved coal liquids, and a solid filter cake, of unconverted and/or partially converted
solid coal residue.

During coal liquefaction, the coal liquids are extracted into the tetralin solvent.
However, the mineral matter of the coal remains with the solid coal residue and is insoluble
in tetralin, as proven by the TG scan on the liquid filtrate (8,19). Since the ash is not
consumed during the liquefaction and remains in the solid, conversion to the tetralin-soluble
oils can be derived based on an ash-balance (8,17):

A
Conversion = (1 - 7") x 100% @

K]

where A, and A, are the weight fractions of ash in the control sample and in the
. liquefaction residue, respectively. The control sample is the original coal which is processed
exactly as a liquefaction residue except at ambient temperature. When the liquefaction is
carried out in the presence of an inorganic catalyst, the conversion calculation must include
an ash value corrected for the ash derived from the catalyst. -

The thermal and catalyzed liquefaction conversions of 1llinois #6 coal in tetralin at
390 °C are shown in Figure 3. In the thermal liquefaction, three distinct phases in the
process were observed, i.e.,a very rapid conversion followed by an induction period and
then a slower liquefaction of the coal structure. The initial rapid conversion in the first
minute is due to the physical extraction of a soluble fraction of the coal into the hot tetralin.
This is followed by an induction period and then the slow conversion of the coal structure
10 liquid products. The induction period observed is actually a pseudo induction period.
This induction period is a transition interval which is due to the simultaneous occurrence
of two processes, a very rapid extraction and a relatively slower liquefaction of the coal
structure. In fact, as the temperature increases, the induction period steadily becomes less
pronounced as the rate of break down of the coal structure increases and becomes closer
in reaction rate to the extraction step itself (10). That the induction period is not due to
the build up of free radicals is also proven by ESR data (20,21). In the catalyzed
liquefaction, the pseudo induction period is, as expected, diminished and the subsequent
conversion is much faster for the catalyzed than the thermal liquefaction. More importantly,
the retrograde process, leading to form tar, coke and char, is very significantly reduced in
the presence of catalyst and hydrogen as is shown by the Fixed Carbon content in the
residue as a function of liquefaction time (Figure 4). When the catalyzed liquefaction was
run at higher temperature, the Fixed Carbon of the residue was even further reduced
(Figure 5), suggesting that the precursors of the retrograde processes are being hydrogenated
and stabilized during the catalyzed liquefaction. Liquid yields were thereby significantly
improved (Figure 6).

DTG curves for partially converted coal liquefaction residues of Illinois #6 coal after
liquefaction . in tetralin at 390°C under 1000 psig nitrogen at selected contact times are
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shown in Figure 7. The gradual disappearance of the two smaller peaks (one of them
identified as FeS, conversion to FeS and S) clearly indicates that some chemical changes in
the solid coal are taking place before the coal actually becomes liquid. In addition, the
sensitivities of the production of VM in the residues to heating rate and to atmospheres of
nitrogen and hydrogen are significantly changed as shown in Figures 8a and 8b for the
unreacted original Illinois #6 coal and a liquefaction sample of Illinois #6 taken after 30
seconds at 390 °C,respectively. The profound changes shown in that short time suggests
that even short exposure to donor solvent can significantly change the character of the coal
before much actual liquefaction has taken place. This change may merely be the removal
of a very unstable volatile fraction or actual stabilization by hydrogen transfer from the
donor solvent.

Evaluating the thermal and catalyzed hydroprocessing of the coal-derived resids.
The Short-Contact-Time Batch Reactor (SCTBR) was again used for the thermal and
catalyzed hydroprocessing of the coal-derived resids. The resid reaction product workup
procedure and determination of the thermal and catalyzed resid conversion have been
described in detail elsewhere (8). The conversion of resid to tetralin soluble material was
determined by relating the inorganic matter (ash) in the reacted resid with that of the un-
reacted resid. Un-catalyzed conversion of tetralin-insoluble resids to tetralin soluble
products in this study was very low (< 10 wt%) under coal liquefaction conditions (410 - 440
C, 1500 psig H,, 2 - 5 of tetralin to resid ratio). But, up to 80 wt% (ash-free basis) was
solubilized in tetralin using sulfided Ni/Mo on alumina catalyst ‘at 434°C for 10 min.
Hydroprocessing at liquefaction conditions (see above), and particularly in the presence of
Ni/Mo on alumina catalyst, was effective for converting tetralin-insoluble to tetralin-soluble
material, and for reducing the average molecular weight (8). Up to 50 wt% of the resid was
already tetralin soluble even at room temperature. Therefore, the tetralin solubility cannot
be used as a measure of the resid converted to low boiling fuels. The actual conversion of
resid represents the portion of the resid which is broken down in the hyroprocessing to low
molecular weight material boiling below 850 °F. For that reason, additional technique(s)
is required for measuring the degree to which the resids is converted to lower boiling
products (i.e. below 850 °F).

An analytical TGA method for boiling range measurement, SimDis TGA, has been
developed for that purpose. This SimDis TGA technique requires a change in the
conventional TGA sample pan. It was devised with a small aperture at the top of the pan.
The fundamentals, methodology, and experimental details of the SimDis TGA technique
have been reported in the Symposium on New Analytical Methods for Characterizing Fossil
Fuels and Derived Products in Chicago in 1995 (22). The boiling point distribution of
Wilsonville # 258 resid liquid sample, which was determined by the SimDis TGA technique,
is shown in Figure 9. This resid sample was hydroprocessed in tetralin using sulfided
molybdenum naphthenate catalyst at 403°Cfor 60 minutes. The fraction of the resid liquid
boiled below 850 °F(i.e. 850 °F)was 93.8 wt%, in which tetralin fraction was included. The
following equation:

_ 850 °F” in tetralin

1 @
RSF in tetralin ) x 100%

Conversion (850 °F") = TSF x (1

was used to evaluate the resid conversion to 850 °F during the thermal and catalyzed
hydroprocessing. In Equation 2, TSF (Tetralin Soluble Fraction) was determined by ash
content in the solid residue (8); RSF (Resid Soluble Fraction) and 850 °E* fractions in
tetralin were determined by running the ramp and SimDis TGA methods (8,22) on the resid
liquid products, respectively. Preliminary studies show that, for the illustrative sample in
Figure 9, TSF (Tetralin Soluble Fraction) determined by ash content of the solid residue
was 67.8 wt%; 850 °F* fractions in tetralin determined by the ramp method was 8.62 wt%.
Conversion of the Wilsonville #258 resid hydroprocessed under those conditions to 850 F-
was 19.0 wt%.

Determining boiling point distribution of liquid fuels. In addition to the SimDis
TGA method, which is capable of measuring the boiling point up to 1000 °Cand briefly
described in previous section, a custom-built thermogravimetric apparatus for distillation of
liquid fuels was also developed in our laboratory (23). As an example, boiling point
distribution of a crude oil analyzed using the custom-built thermogravimetric apparatus is
illustrated in Figure 10.

CONCLUSION

Thermogravimetric analysis (TGA) of coal and resid liquids and coal and resid solid
residues, which were produced in coal liquefaction and coal-derived resid hydroprocessing
in the SCTBR (Short-Contact-Time Batch Reactor) apparatus, provides a sensitive, rapid,
and reproducible means of studying the kinetics and mechanisms of fossil fuel conversion



processes. SimDis TGA and the custom built thermogravimetric system for distillation
provide unique means to characterize liquid fuels for the boiling point distribution.

Thermogravimetric Analysis (TGA) provides information concerning the various
weight loss processes that can be a reflection of the physical and chemical structure of fossil
fuel samples. More importantly, this technique is also capable of yielding TG scanning
parameters, such as Volatile Matter, Fixed Carbon, Ash, etc. to be used to monitor the
fossil fuel conversion processes. A significant example is to determine the onset and rate
of the retrograde reactions during the coal liquefaction process.
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INTRODUCTION

Several current research programs at the Iilinois State Geological Survey (ISGS) relate to the
development of activated carbons from Illinois coal, fly ash, and scrap tires [1-5]). Preparation of

APPLICATION OF THERMAL ANALYSIS TECHNIQUES
IN ACTIVATED CARBON PRODUCTION

activated carbons involves thermal processing steps that include preoxidation, pyrolysis and
activation. Reaction time, temperature and gas composition during these processing steps ultimately
determine the nature of the activated carbon produced. Thermal analysis plays a significant role in
developing carbons by providing fundamental and engineering data that are useful in carbon
production and characterization for process development. |

EXPERIMENTAL

Thermal analysis instruments and their applications are useful for characterizing activated carbon
precursors and intermediate and final products. Instruments available in the Thermal Analysis
Laboratory at the ISGS include both atmospheric (Cahn TG-131) and high pressure (SRE Model TL- i
TGA 1900/600) thermogravimetric analyzers (TGA and PTGA). Evolved gases from a controlled :
fixed-bed thermal reactor are monitored by non-dispersive infrared CO and CO, analyzers
(Rosemount model 880) and a quadrupole mass spectrometer (Fisons model MMPC300-D). All
instruments are computer interfaced to allow data collection and rapid data reduction and analysis.

Proximate analysis is performed in the TGA to determine the amounts of moisture, volatile matter,
fixed carbon and ash content in activated carbons. In a typical analysis, 50 mg of sample is heated
in a platinum pan at 50°C/min to 950°C in N, flowing at 75 cc¢/min (STP). The temperature is held
constant at 950°C for 10 minutes, then reduced to 750°C. Air is introduced at 750°C until the
oxidation reaction is complete and no further weight loss is observed.

Activation studies are done in the TGA to determine appropriate conditions for activation of carbon
samples in larger scale test facilities [6]. Reactivity is determined in the TGA using air at 380-500°C,
CO, at 920-1000°C, or steam at 860-960°C. Typically, 2-10 mg of sample is heated in N, to a
predetermined reaction temperature. Once the temperature and weight stabilize, appropriate reaction
gas is substituted for the N, and weight loss is monitored as a function of time.

SO, removal efficiencies from simulated combustion flue gas by activated carbons is determined in
the TGA [7). In a typical run, 30-50 mg of sample is heated at 20°C/min in flowing N, to 360°C to
remove surface impurities. The sample is then cooled to 120°C in N, and the gas stream is switched
to a mixture of 5% O,, 7% H,0 , balance N,. Because at this temperature O, and H,O are adsorbed
onto the carbon, the sample weight is allowed to stabilize before SO, (2500 ppmv) is introduced into
the TGA. Uptake of SO, is monitored for up to 60 h.

Methane adsorption capacities of activated carbons are determined using the PTGA [2]. The samples
are degassed at 150°C for 3 hin N, prior to adsorption of methane. Adsorption of methane is done
at 25°C at pressures of 0, 100, 200, 300, 400 and 500 psig. The rate of methane uptake and the
adsorption capacity (g methane/g char) are recorded by a computerized data acquisition system.

The nature and extent of oxygen functional groups on the carbon surface are determined by
temperature programmed desorption (TPD) [8]. TPD experiments are performed in a 2.5 cm ID
stainless steel fixed-bed reactor system. Ina typical run, 0.5 g of sample is heated at 5°C/min to
1000°C in N, flowing at 0.5 L/min. Temperature is held at 1000°C until evolved CO and CO, return
to baseline concentrations, indicating complete desorption. Concentrations (ppm) of CO and CO,,

time and temperature are recorded by a computerized data acquisition system. The areas under the
CO and CO, curves are converted to the amount of oxygen present on the carbon surface.

RESULTS AND DISCUSSION
Carbon production

Partial gasification during activation serves to develop surface area and porosity in char. The overall
surface area and type of pore structure of the activated carbon may be controlled by the rate and
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extent of gasification during activation. Chars may be activated with oxygen, steam, CO,, or a
mixture of these gases. At a given temperature, the relative rates of reaction for these gases range
over several orders of magnitude, with O, > steam > CO, . Thermogravimetry (TG) provides a
method for directly monitoring both the rate and extent of activation as the reaction proceeds. This
allows for good control of process conditions when preparing an activated carbon with characteristics
needed for a particular application. Figure 1 shows the activation profile of a carbon prepared from
a utility fly ash. Initial activation was done at 950°C in CO, for 1 hour, with a weight loss of only
5%. Surface areas of activated carbons, not corrected for ash content, generally increase
monotonically during activation up to about 80% weight loss (conversion) [9]. After 1 h, the gas
composition was changed to 50% steam/50% CO,, which resulted in a total weight loss of 30% in
2 h. Using the data from Figure 1, a larger sample was prepared in a horizontal tube furnace that had
surface area and adsorption properties similar to the sample prepared in the TGA.

Carbon Characterization

Carbons with a variety of surface areas and pore size distributions have been developed at the ISGS
for various applications. One such application is the removal of contaminants from flue gas streams
of waste incinerators [10]. STEAG, of Essen, Germany, has developed a process in which a bed of
low surface area, low cost carbon is used to remove contaminants such as particulate matter, dioxins,
furans, mercury, SO,, other acid gases and heavy metals from flue gas. The ISGS was asked to
prepare a low surface area, low cost activated carbon from Illinois coal for testing in the STEAG
a/c/t™ process. Process variables, developed to prepare gram quantities of carbons in the laboratory,
were used ultimately to prepare 500 pounds of activated carbon for tests in STEAG’s pilot plant [11].
STEAG believes that the SO, adsorption behavior of a carbon is indicative of its ability to remove
other contaminants from flue gas streams using their process [12}. Surface area and SO, adsorption
behavior of the activated carbons prepared in each stage of scale up were used as guides to ensure
that a carbon was produced with desired properties for the STEAG process. TG provided a rapid
method for determining the relative rates of SO, adsorption and equilibrium SO, adsorption capacity
of a carbon using only milligram quantities of sample. Figure 2 shows the kinetics of SO, adsorption
in a simulated flue gas for the ISGS carbon and the carbon STEAG currently uses in their process
(Herdofenkoks). Although the surface area of the Herdofenkoks was nearly three times that of the
ISGS carbon, the initial rate of SO, adsorption was much greater for the ISGS carbon. This carbon |
has proven effective in STEAG’s process during pilot plant tests.

TG has been used to study the effect of adsorption temperatures, gas compositions and carbon
characteristics on SO, adsorption by carbons [13]. Figure 3 shows SO, adsorption by an air activated
carbon heated to different temperatures in inert gas after activation. These carbons all had surface
areas of about 300 m%g, suggesting that surface area is not a good indicator of SO, adsorption {13].
Corresponding TPD profiles for the air activated carbons show that as the parent carbon was heated
to higher temperatures, less oxygen was present on the surface of the carbon (Figure 4). These
results suggest that SO, capacity is inversely related to the amount of oxygen on the surface of the
carbon. Similar data have been found for other carbons. These results were used to propose a new
mechanism for SO, adsorption on activated carbons [14].

TG also permits rapid evaluation of the thermal regeneration of carbons, and may be used to predict
the life cycle of adsorbents in different applications, Adsorption/desofption cycles were performed
in the TGA to determine regenerative properties of an activated carbon prepared from Illinois coal
by steam activation, followed by HNO,-treatment and thermal desorption at 925°C [4]. After initial
SO, adsorption, the carbon was regenerated in the TGA by heating to 360°C. Regeneration of the
carbon in this manner resulted in a significant decrease in the SO, adsorbed in subsequent
adsorption/desorption cycles (Figure 5). These results have been explained by the formation of stable
oxygen complexes on the surface of the carbon that inhibit adsorption of SO, {4]. It is(thought that
regeneration of this carbon at higher temperatures would restore its original SO, cdpacity, but this
remains to be determined.

Carbons prepared from different precursors such as coal, fly ash and tires may have different
adsorption properties not only because of their structure, but also due to different composition. A
significant portion of the carbonaceous material is lost during pyrolysis and activation, and non-
volatile mineral matter present in the precursor is concentrated in the remaining carbon product.
Proximate analysis of activated carbons can be done rapidly with TG to provide information on the
moisture, volatile matter, fixed carbon, and mineral matter present in the carbon. Figure 6 shows
proximate analyses for a fly ash carbon and three steam activated chars made from Illinois coal.

Activated carbon may be used for onboard methane storage in natural gas vehicles. This storage
technology is less expensive, occupies less space and costs less to refuel than compressed natural gas
storage, and may result in vehicles that are lighter and have much greater storage density at low

9



pressure (< 35 atm). Activated carbons that might be suitable for this application have been prepared
at the ISGS from both Illinois coal and scrap tires [2]. Pressurized TGA allows methane adsorption
isotherms to be measured for small quantities of sample as shown in Figure 7. Shown for comparison
is the isotherm for a commercial activated carbon Calgon BPL. Activated carbons prepared from
scrap tires exhibit a wide range of adsorption capacities. Methane adsorption capacities (g methane/g
char) of some tire-derived carbons were within 10% of the BPL carbon.

SUMMARY

Thermal analysis techniques have been used at the ISGS as an aid in the development and
characterization of carbon adsorbents. Promising adsorbents from fly ash, tires, and Ilinois coals
have been produced for various applications. Process conditions determined in the preparation of
gram quantities of carbons were used as guides in the preparation of larger samples. TG techniques
developed to characterize the carbon adsorbents included the measurement of the kinetics of SO,
adsorption, the performance of rapid proximate analyses, and the determination of equilibrium
methane adsorption capacities. Thermal regeneration of carbons was assessed by TG to predict the
life cycle of carbon adsorbents in different applications. TPD was used to determine the nature of
surface functional groups and their effect on a carbon’s adsorption properties.
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Introduction
Thermal analytical techniques such as thermogravimetric analyzer (TGA) have been used

extensively in characterizing the thermal behavior of coals. Intrinsic reactivity (expressed as

instantaneous, average and time required for 50% bumoff (1)), volatiles release profiles and
burning profiles are common parameters used to predict combustion behavior in a large
combustion system. The burning profile provides information on the combustion rate including

. intensity of reaction, heat release rate and residence time requirements for a fuel compared to those

of a fuel with known combustion characteristics. The technique for determining the burning
profile was developed by Babcock and Wilcox as a method for evaluating fuels to select the
optimum boiler design (Wagoner and Duzy, 1967). The technique has been modified by others (
Cumming, 1984; Cumming and McLaughlin, 1982; Morgan et al., 1986, 1987; Smith et al., 1981)
to characterize the combustion behavior of coals in a laboratory. However, information on the
validity of these profiles to industrial scale and utility boilers is scarce.

Penn State Energy and Fuels Research center evaluated combustion behavior of coals in
various devices ranging from drop tube reactor to an industrial scale boiler. This paper summarizes
the observations, and discusses the applicability of the data from the profiles to predict the
combustion behavior.

What is a Burning Profile ?

A bumning profile is a plot of the rate at which a solid fuel sample changes weight as a
function of temperature, when heated at a constant rate. Cumming and McLaughlin (1982) used
four characteristic temperatures to interpret a burning profile; 1) the first initiation temperature
where the weight first begins to fall (ITyy,); 2) the second initiation temperature where the rate of
weight loss accelerates due to the onset of combustion of char (ITg); 3) the peak temperature (PT)
where the rate of weight loss is a maximum; and 4) the burnout temperature, where the weight
becomes constant at the completion of burning (BT). Cumming (1984) later proposed in lieu of
the above four characteristic temperatures, a weighted mean apparent activation energy value which
correlated well with the PT. These characteristic temperatures as proposed by Cunning and
McLaughlin (1982) have been used with minor modifications by Morgan et. al. (1986, 1987) to
interpret burning profiles.

Literature Review

Wagoner and Winegartner (1973) reported a successful combustion evaluation of fluid
coke from a California crude and a delayed coke derived from a Louisiana crude oil with respect to
a reference combustion profile of Pocahontas coal. These profiles were reported to predict the
performance of these fuels in an industrial boiler. Smith et al. (1981) later evaluated the relative
ease of combustion of sixty-six coals ranging in rank from lignite to low-volatile bituminous and

with low mineral matter contents. The activation energies obtained varied from 4 KJ mo! -! in the

high temperature, diffusion controlled zone to 290 KJ mol -! in the chemical reaction controlled,
low-temperature zone.

Morgan et al.(1986) correlated the BTs from the burning profiles to predict burnout values
based on a model that uses data on oxidation rates of chars prepared in an entrained flow reactor
and coal properties. Nine coals were ranked based on their performance in a pilot scale pulverized
coal combustor and the ranking correlated well with the characteristic ternperatures from the
burning profiles of the coals. Superior burnout has been reported with coals having low bumout
temperatures.

Wagoner and Winegartner (1973) reported that the Pocahontas coal with a volatile matter
content of 14-16.5% and a Bureau of Mines char with 2 5% volatile matter should have identical
combustion characteristics based on their burning profiles. But, Demeter et al. (1973) found that
in a 500 Ib/hr experimental coal combustor the Pocahontas coal burnt with out any auxiliary fuel or

13



preheat of the primary air whereas the Bureau of Mines char needed preheat or auxiliary fuel to
burn successfully .

Experimental

In this study combustion behavior of coals as evaluated in a drop tube reactor, a research 4
boiler generating 1,000 1b/h steam and a 15,000 Ib/h (steam) industrial scale demonstration boiler
is reported. For coals tested in these devices, burning profiles were obtained in a Perkin Elmer
TGA.

The experimental variables in the TGA which were found to affect the rate of burning and
hence the burning profile included heating rate, sample weight, shape and material of construction
of the sample pan and the heat capacity of the pan. Although the experimental conditions originally
employed by Wagoner and Duzy (1967) allow the combustion rate to be limited by the diffusion
rate of oxygen, as shown by Smith et al. (1981), and the temperature of the sample may not have
been representative of the temperature of the burning fuel, the burning profile data obtained in the
TGA seemed to produce consistent results in the evaluation of the relative combustion performance /
of unknown fuels with different equipment in different laboratories.

The results during optimization of test conditions indicated a good reproducibility of
characteristic temperatures (x 1.8°C). The effect of heating was determined using an Upper
Freeport seam coal for heating rates of 5, 10, 15, and 20°C min"' and a sample weight of 5 mg.
The results are shown in Table 1. It is seen from the results that as the heating rate was increased
the characteristic temperatures proportionately increased which did not change the relative ranking
of acoal. At higher heating rates some low rank coals ignited and therefore, led to uncontrolled
temperature of the sample. Hence, a heating rate of 10°C min was used in this study. The effect
of sample amount was not as significant as that of heating rate and a sample size of 5 mg was used.

Table 1. Effect of Heating Rate on Characteristic Temperatures

Heating Rate 5°C/min 10°C/min 15°C/min 20°C/min
Initial Temperature (IT) 325.6 337.5 350.0 347.0
Peak Temperature (PT) 494.1 505.1 522.6 618.3
Burnout Temperature (BT) 542.0 616.0 618.3 630.0

The following characteristic temperatures as defined in earlier work ( Pisupati et al., 1991
and Pisupati and Scaroni, 1993) were obtained for each sample. The Initial Temperature (IT), is
defined as the temperature at which the rate of weight loss exceeded 0.1% min™ after the initial
moisture loss peak. The Peak Temperature (PT) is defined as the temperature at which the rate of
weight loss was maximum and the Burnout Temperature (BT) is the temperature at which the rate
of weight loss decreased to 1.0 % min™.

Results and Discussion

In an earlier study conducted in the laboratory, a set of five fresh and companion crop coals
was used to investigate the influence of natural weathering (in-situ) and low-temperature oxidation
on the combustion behavior of the coals. In the study a fresh coal sample was oxidized in the
laboratory for 2 hours, and for 72 hours in stagnant air to oxidize the coal to a similar level to that
of the naturally weathered crop coal. Combustion behavior of the suite of coals was determined in
the laboratory by obtaining burning profiles and the combustion efficiency in a drop tube reactor.
The characteristic temperatures were derived from the burning profiles. Figure 1 shows the
profiles for the Fort Palmer fresh and crop coals. Analogous profiles were obtained for other
samples. The initial negative weight change in the burning profiles is due to the loss of moisture.
The second positive peak at around 300°C for the fresh coal samples is attributed to the adsorption
of oxygen, and represents a weight gain of about 3%. Adsorption of oxygen by the significantly
oxidized crop coals was not apparent and these coals had lower initial temperatures (approximately
20-115°C less) than the corresponding fresh coals. This can be explained as follows. Desorption
of the preoxidized oxygen in the crop coals creates unoccupied sites for further oxygen adsorption
and subsequent desorption, thereby initiating significant weight loss at much lower temperatures.

For these oxidized coals, it was observed that there were two distinct peaks The lower
peak is attributed to the decomposition of the carbon-oxygen complex and to the devolatilization of
the coal. The height of this peak for the crop coals was proportional to the degree of oxidation.
These profiles indicated that combustion is expected to be complete for the crop coals at lower
temperatures than for their companions for otherwise the same operating conditions.
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Figure 1. Burning Profiles for the Fort Palmer Fresh ( ) and Crop (- - -)Coals

The combustion efficiencies were conducted in a vertical, electrically heated drop tube
reactor (DTRY). Details of the reactor can be seen elsewhere (Pisupati and Scaroni, 1993). A
relatively low combustion temperature of 1,300°C was used to accentuate the differences in
combustion efficiencies. A coal feed rate of 0.33 g min " and a total combustion air of 4 1 min ~,
which corresponds to an excess air of 25%, was used. The results from the combustion studies in
the drop tube reactor were consistent with observations from the burning profiles. Figure 2 shows
a correlation between the burning profile data and the combustion efficiency determined in the
DTR. The figure indicates that the lower the initial temperature, the higher the combustion
efficiency.

Initial Temperature (°C)

T T T T T
35 45 55 85 75 85 85
Combustion Efficiency (%)

_ Figure 2. Initial temperatures (IT,,) Obtained from Burning Profiles as a
Function of Combustion Efficiency Determined in the DTR.

In another study, combustion behavior of two Pennsylvania bituminous coals, an
Indonesian subbitminous coal, and blends of PA and Indonesian coals was determined in a
research boiler. Burning profiles were obtained for these coals and blends in the TGA prior to the
combustion tests in the boiler. The compositional analysis of the coals is provided in Table 2.

The combustion tests were conducted in a 1,000 1b steam /h water tube research boiler with
a maximum thermal input of 2 million Btwh. The boiler is a standard Cleaver Brooks "A-frame"
water tube boiler. The combustion chamber is 3 ft wide, 3 ft high and 7 ft long. To promote
evaporation and ignition of difficult-to-burn fuels, a ceramic quarl extends the length of the
combustion chamber by two feet. The quarl and the boiler are preheated by burning natural gas
prior to introducing of the test fuel until the surface temperature was approximately 900°F. The
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Table 2. Proximate Analysis (wt.%, d.b.)

T00% PA | 80% PA - 20% | S0%PA - 509 100% 100% Upper
Indonesian Indonesian | Indonesian | Freeport (PA

Volatile Matter 20.47 25.17 32.74 46.20 31.89
Fixed Carbon 67.19 64.70 60.13 52.14 61.61
Ash 12.34 10.13 7.13 1.66 6.50
Moisture (as-fired) [ 1.69 7.46 12.73 21.44 7.14
H.H.V.(Buw/lb as [ 13,680 12,679 11,617 10,098 13,680
fired)

preheated quart acts as a source of radiant heat to help support the flame. Pulverized coal was fed
from a two foot diameter hopper to an eductor via a 1.5-inch diameter screw feeder. The
pulverized coal was entrained by dense phase transport (=1 1b of air/lb of coal) into an annular
section and then through a swirler. The feed rate of pulverized coal was monitored by load cells.
Slowly, the coal firing rate was increased while reducing simultaneously the natural gas rate until
the desired load was obtained on coal. A thermal input of approximately 1.6 MBTU/h was held
constant throughout the testing. The combustion gases, at the end of the radiant section, are split
into two convective passes, one on each side of the radiant combustion chamber. The gases exiting
the convective section are cooled to below S00°F in an economizer located on top of the
combustion chamber and then pass into a baghouse. The products of combustion (O,, CO, CO,
NOy and SO;) are monitored at the economizer outlet with a series of on-line gas analyzers. The
ash samples were collected and analyzed for moisture and unburnt carbon to calculate the carbon
}humout using the ash tracer technique as follows:

AC(IOO—A,)

Combustion Efficiency (%) =|1 - ———=
A, (100 - Ac)

where, A¢ = wt. percent ash in the coal, and A; = wt. percent ash in the residue

Figure 3 shows a correlation between the Initial temperatures (from the burning profiles in
a TGA) and the combustion efficiencies determined in the boiler. The plot shows a good
correlation between the burning profile data and the combustion efficiencies as determined in the
boiler. However, the flue gas oxygen levels were 5.5 and 5.9% for the Indonesian and PA coals,
whereas for the Upper Freeport coal the boiler oxygen level was 6.5% and therefore, the
combustion efficiency was slightly higher than expected from the interpolation. This underscores
the importance of the operating conditions and sample characteristics.

Two bituminous coals were fired in a 15,000 Ib/h industrial scale, demonstration boiler as

micronized coals (80% passing through US standard 325 mesh instead of 80% passing 200 mesh).

The boiler is a D-type package boiler designed for fuel oil. The boiler and auxiliaries are adapted
with minor modifications to bum coal and coal-water slurry fuels. Details of the boiler can be
found elsewhere (Pisupati et al., 1993). The combustion efficiency data obtained in the
demonstration boiler is shown on Figure 3 as open diamonds. The combustion efficiency obtained
for both coals was varying from 90 to 95% depending on the operating conditions such as excess
air and fuel firing rate etc. The data plotted were for the conditions when the boiler oxygen was
3.2% and the firing rate was 14.8 MMBtw/h for both coals. The initial, peak, and the burnout
temperatures for the Brookville bituminous coal were 310.8, 492.4 and 555°C, respectively. The
initial, peak, and the burnout temperatures for the Kentucky bituminous coal were 313.8, 508.8
and 577.5°C, respectively. Very close initial temperatures reflected in close combustion
efficiencies in the boiler under identical conditions. This also shows that the initial temepratures
correlate well with the combustion efficiency. This probably is due to the earlier decomposition

and thereby causing physical and chemical structural changes of the residual char earlier and hence
a change in the reactivity.

Combustion Studies of blends of coals

One of the puzzling questions has been whether the characteristic temperatures obtained
from burning profile hold good for blends of coals. Cumming (1989) has reported that the burning
profile of ablend of coals of different rank (bituminous and anthracite) indicates that the fuels burn
without interaction. Similar observations were made at this laboratory with bituminous and
anthracite blends. However, blends of bituminous and lower lank coals indicated a linear
correlation. Artos and Scaroni (1993) have shown that when a bituminous coal is blended with a
subbituminous coal, the initial temperatures (IT) were proportionately lower with increasing
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percent of a subbituminous coal. The study also showed a linear increase in the combustion
efficiency in the DTR with the addition of the subbituminous coal.
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Figure 3. Correlation between the Initial Temperatures and the Combustion
Efficiencies obtained in the 1,000 Ib/h Research Boiler and in the
15,000 1b/h Demonstration Boiler.

In this study, an Indonesian subbituminous coal was blended with a Pennsylvania
bituminous coal and the burning profiles and combustion behavior was determined in the TGA and
the Research Boiler, respectively. The buming profiles are shown in Figure 4 for the Indonesian
coal and blends with PA coal in various proportions. It can be clearly seen that there is a clear
progressive increase in the characteristic temperatures with the increase in the proportion of the PA
coal. This study confirms the observations of Artos and Scaroni (1993). The difference between
the IT and the BT for the blends is higher indicating the initial decomposition starts at a lower
temperature corresponding that of the lower rank coal in the blend and the combustion is not
complete until the component with lower reactivity is burned. This suggests that there possibly is
no influence of one coal on the other in a TGA. However, since there is a good correlation between
the initial temperature and the combustion efficiency it may be concluded that blending coal which
decomposes at lower temperature with less reactive coal, the former influences the combustion
behavior of the latter in a boiler with self sustaining flame.
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Figure 4. Burning Profiles of Pennsylvania Bituminous Coal Blends

Figure 5 shows a correlation between the initial temperature and the combustion efficiency obtained
in the 1,000 Ib/h research boiler for the coals and coal blends.

Summary

Burning profiles of a suite of coals ranging from fresh coals to severely weathered coals,
and subbituminous coals and bituminous coals were obtained. Combustion efficiencies were also
determined in a Drop tube reactor, 1,000 1b/h research boiler, and a 15,000 Ib/h industrial scale
demonstration boiler. A good correlation was obtained between the initial temperature and the
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combustion efficiency obtained under identical conditions was observed. A burning profile appears
to be a good tool for evaluation of the relative combustion characteristics of fuels at a laboratory
scale, when it is difficult, or there is not enough fuel, to test fire in a large installation.
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Figure 5. Correlation Between the Initial Temperatures and the
Combustion Efficiencies Obtained in the Research Boiler

Because various investigators employed experimental conditions that were different from
those originally proposed by Wagoner and Winegartner (1973), yet still obtained reproducible and
interpretable results, it can be concluded that any laboratory using the technique of determining
burning profiles to characterize the combustion behavior of coals can use their own reference
standard conditions as long as all the samples (both the reference and unknown fuel) are tested
under those standard conditions to obtain interpretable and meaningful data. However, it is not yet
clear whether these profiles could predict the combustion efficiency of coal-water slurry fuels. The
data generated under identical conditions may predict the combustion behavior of an unknown fuel
under similar conditions. Those conditions may not be the optimum conditions for the fuel.
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R.C. Timpe, R.W. Kulas, and B.C. Young
University of North Dakota Energy and Environmental Research Center
15 North 23rd Street
Grand Forks, North Dakota 58203

Keywords: Pressure TGA, SO, adsorption, limestone

ABSTRACT

Control of SO, with limestone or dolomite is state-of-the-art at the present time, but activated carbon
in the form of low-rank coal char also has some promise. A process for production of the sorbent
includes selection of temperature regime, pressure, activation gas, residence time, and additive. The
effect of pressure on the behavior of sorbent during SO, removal from flue gas or during production
of sorbent carbon is the parameter least found in the literature. Pressure thermogravimetric analysis
(pTGA) provides a simple means of studying this effect.

In this study, a fully calcined and a partially calcined dolomite and limestone were tested for SO,
sorbent characteristics under pTGA at 840°C at 160 psig. The stones were characterized by capacity
and rate of sorption of SO,.

A leonardite was carbonized at 480°C and activated at 800°C under nitrogen at ambient, 150, 300, and
450 psig. Each char was then exposed to a flowing gas mixture containing argon and SO,. The char
produced at lower pressures adsorbed more SO, than those produced at successively higher pressures
as determined by TGA and confirmed by American Society for Testing and Materials (ASTM) total
sulfur measurements.

INTRODUCTION

Combustion of coal provided approximately 55% of the available electric power in the United States
in 1993 with the burning of approximately 814,000 tons (1) of coal. As the demand for electricity
increases, the demand for coal will also increase, resulting in accelerated depletion of our coal
supplies. At present, the quality of the coal mined to produce this electricity, in terms of pollutants
such as sulfur, nitrogen, and heavy metals liberated to the environment, is relatively clean compared
to much of the remaining minable coal reserves. Government, utilities, and researchers have been
aware of the potential environmental consequences of burning "dirtier” coal for more than three
decades and have been attempting to deal with the problem through application of known technology
and development of newer, more efficient, less costly methods of emission control. Both
precombustion and postcombustion methods have been attempted as means to remove potential
pollutants from coal before they enter the environment. Industrially, precombustion cleaning of
bituminous coal by physical means, e.g., float-sink, froth floatation, magnetic separation, has met with
mild success, while cleaning by chemical means, e.g., molten caustic leaching, has been generally
discounted as being too costly. Similarly, physical or chemical cleaning of low-rank coal results in
excessive cost for the product.

For lack of economically and technically feasible precombustion cleaning methods, most environmental
protection from the emissions from coal combustion is currently done by cleaning stack gas from the
utility. Sorbents such as limestone (CaCO,) and dolomite (CaCO,-MgCO,) are commonly used for
scrubbing SO, from the gas. Well-known processes such as those of Pure Air's Advanced Scrubber,
Chiyoda's CT-121 Scrubber, S-H-U wet limestone scrubber, LIFAC sorbent injection system,
Bechtel's Confined Zone Dispersion Process, AirPol Gas Suspension Adsorption Process, the Babcock
and wWiCox LimMB process, and Consolidation Coal's Coolside Process all make use of limestone in
either the raw or calcired form as the sorbent for SO, emissions (2). Factors concerning the cleaning
efficiency of the stones include partial pressure of SO,, contact time, degree of calcination, surface
area, temperature, and surface incidence of inert material. Each of these factors can be studied using
thermal analysis techniques. Pressure thermogravimetric analysis is particularly useful for these
studies since it allows the determination of the effect of all of these factors.

Similarly, preparation of sorbents such as activated carbon is affected by each of the properties above.
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EXPERIMENTAL

Prior to testing, the dolomite and limestone samples were crushed in a hammer mill and then further
reduced in size on a Braun mill. The samples were reconstituted by recombining sieve fractions and
mixing thoroughly.

Two tests were performed on each of the two CaCO,-based samples using the pressure
thermogravimetric analyzer (P TGA). The test methods used to determine SO, uptake from a mixed
gas stream by each sample were as follows:

The samples were crushed in mortar and pestle to pass 20-mesh screen (0.84 mm = 840 um). The
samples were classified into four size fractions by sieving. Class sizes were 250-840 um,
150-250 um, 75-150 um and < 75 pm, To obtain test results which would represent sorption results
characteristic of the bulk material, size fractions were recombined prior to pTGA testing.

Method 1. Approximately 20 mg of crushed reconstituted sample was loaded onto the sample pan of
an SRE 1990/600 pTGA. The cover was replaced, and the sample chamber was pressurized to
160 psig with N, and the gas flow adjusted to nominally 100 mL/min. Heatup was approximately
100°C/min to 840°C, and the sample was calcined at that temperature for up to 150 minutes. Nitrogen
flow was then replaced by a synthetic sulfated combustion gas mixture containing 13% CO,, 3.5% O,,
and 0.25% SO, (balance N,), and flow was continued for at least 60 minutes. The tests were
terminated and the system cooled down under flowing N,.

Method 2. Approximately 20 mg of crushed reconstituted sample was loaded onto the sample pan of
the SRE 1990/600 pTGA. The cover was replaced, and the sample chamber was pressurized to 160
psig with a gas mixture containing 13% CO, and 3.5% O, (balance N,) and the gas flow adjusted to
nominally 100 mL/min. Heatup was approximately 100°C/min to 840°C, and the sample was held at
that temperature for up to 90 minutes (for half-calcination). The synthetic sulfated combustion gas
mixture containing 13% CO,, 3.5% O,, and 0.25% SO, (balance N,) was then introduced, and the
tests were completed as in Method 1.

The effect of pressure on the sorption capacity of activated char prepared from a North Dakota
leonardite was studied. The sample was carbonized at 480°C under N, at each of four pressures:
450 psig, 300 psig, 150 psig, and ambient pressure. Each sample was activated under N, at 800°C at
its respective pressure. The resulting activated char was tested for SO, adsorption capacity. Each
sample analyzed for SO, capacity was then analyzed for total sulfur content.

RESULTS AND DISCUSSION

The results of sieving the crushed dolomite and limestone samples are shown in Table 1. Over 75%
of the limestone consisted of particles less than 75 microns in size compared with ~57% of the
dolomite under the same crushing conditions.

From the results of the sieve fractions, it can be assumed that the limestone would have greater surface
area, although not measured in this study, than that of the dolomite since it has a much larger fines
fraction. Therefore, the former should have the greater capacity for SO, adsorption than the latter.
However, from the results of SO, uptake in Table 2, it appears that that is not true. In addition, the
rate of uptake of SO, should also be more rapid on that with the larger surface area, but instead the
rates are nearly the same for the fully calcined samples and are identical for the half-calcined samples.
If the difference between rates and capacities of the two samples were consistent, differential
decrepitation of the materials might explain the apparent contradiction. However, this does not appear
to be the case since the rates of uptake are the same while the capacities differ. The presence of the
MgCO, in the dolomite may be the best explanation for the higher sorptive capacity of the dolomite.
Assuming limestone to be CaCO, and dolomite to be CaCO,-MgCO,, there are more metal ions per
unit Mass in Goivwie usan wsuesivie 1ésulting in the potential for more available SO, receptor sites.
The presence of the MgCO, may catalyze the calcination and thus activate the surface more effectively.
Additional data are needed to confirm this as a reason for the observed difference in SO, sorption
between the dolomite and the limestone samples.

The SO, adsorbed on the activated char shown in Table 3 indicates that preparation of activated char
from leonardite under pressure results in decreased activity toward SO,. This is supported by the total
sulfur measurements made on the residual activated char after it has adsorbed the SO,. The decrease
in SO, adsorption results from the loss of active sites on the char. The apparent pressure dependence
may be due to heavy tar formation at the openings of pores resulting in a loss in total surface area and,
consequently, the loss of active sites for SO, sorption.

20

j
4




CONCLUSIONS

* Both the ﬁﬂly calcined and half calcined dolomites tested were better SO, sorbers than the
corresponding calcined forms of the limestone tested.

Although their capacities for SO, differed, the rates at which the dolomite and limestone adsorbed
were similar for the fully calcined forms and identical for the half-calcined forms.

Crushing the stones resulted in a significantly different distribution of size fractions.

Activated char produced from North Dakota leonardite under increased pressure had lower activity
toward SO, than that produced at ambient pressure, probably because of pore plugging by tar unable
to boil away.
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TABLE 1
! Sieve Fractions from Limestones and Dolomite
: Particle Size, pm
. 250-840 150-250 125-150 75-125 <75
! Dolomite 0.1 0.7 10.3 314 56.8
! Limestone 0.1 0.4 33 19.5 75.5
TABLE 2

Comparison of Fully Calcined and Half-Calcined Limestone
and Dolomite Toward SO, Adsorption

Ads. Ads. Ads. SO, Ads. Ads.
Calcination |  Total co, o) CO,Eq. S0,
Abbr. wt% wt% wt% wt% wt% %/min.
Fully Calc.
Dolo. -40.9 34.4 204 14.0 15.0 0.22
Lime -32.6 395 31.0 8.5 8.0 0.19
Half-Calc.
Dolo. -8.3 11.6 - 11.6 14.2 0.16
Lime 2.2 10.5 - 10.5 10.3 0.16
TABLE 3
Effect of Pressure on SO, Sorption by Activated Char
‘ Prepared from North Dakota Lignite
'z SO, Adsorbed on Total S in Spent Char,
' pTGA, psig Activated Char, wt% wt%
‘J 450 7.4 4.8
" 300 7.3 47
f
/ 150 8.1 52
' Ambient 8.7 6.0
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RATES OF PYROLYSIS AND COMBUSTION OF BARK
BY THERMOGRAVIMETRIC ANALYSIS

Wei-Yin Chen
Department of Chemical Engineering, Anderson Hall
University of Mississippi, University, MS 38677

Wood supplies approximately 3 percent of the U.S. energy consumption (Schreuder and
Tillman, 1980). Bark represents about 10-15% of the weight of the trunk cut in the forest. Wood
combustion phenomena has been extensively reviewed (e.g., Tillman et al, 1981). Recent
technological development is reflected in an article by Barsin ef al. (1988), and a report published by
the Electric Power Research Institute (Johnston ef al., 1993). Fundamental understanding of wood
pyrolysis has also grown substantially in the last two decades. Shafizadeh (1982) reviewed the wood
pyrolysis and combustion kinetics based on weight loss profiles. About the same time, Hajaligol et
al. (1982) reported the kinetics of the individual product species for rapid pyrolysis of cellulose.
Boroson et al. (1989) observed that heterogeneous cracking of wood pyrolysis tars takes place over
flesh wood char surface. Pyrolysis kinetics of different lignocellulosic materials have been
investigated by Bilbao et al. (1989, 1990). Heat and mass transfer limitations are inevitable during
burning of large particles, and have been the target of a number of modeling efforts (e.g., Kanury,
1972; Maa and Bailie, 1973; Chan et al., 1985; Ragland et al., 1988; Bilbao et al., 1993).

Due to its lower physical strength and less uniform structure than interior wood, bark is
usually burned along with wood waste as a fuel, particularly by sawmills and pulp mills. Bark has the
heating value of 8,000 to 10,000 Btw/lb, which is higher than that of wood (Wegner, 1991). The
objective of this paper is to experimentally acquire information about the bark kinetics during
pyrolysis and combustion conditions. A kinetic model is also developed for the comparison.

EXPERIMENTAL

Since weight loss is used as a measure of bark conversion in the present study, the design of
experiments has some salient features of a thermal balance, Figure 1. The center piece of the reactor
is a cylindrical sample basket of dimension 1 in x 2 in length, which is made of 40 mesh stainless steel
screen. The reactor vessel is an alumina tube with inside diameter of 2.5 in, which is heated to the
desired temperature by a Thermcraft furnace model 23-18-1ZH with dimensions 3 in x 18 in long.
The reactor is equipped with a distributor at about 6 in from the bottom end of the furnace, and a
fluidized sand bed serving as a heat source of the gas stream.

Samples of pine bark, cut into 10mm spheres, were dried at 105°C for 24 hours before the
experiment. Nitrogen and air were used as the fluidizing gas during pyrolysis and combustion,
respectively. To begin a run, the sample basket containing a single particle of bark is lowering into
the preheated fluidized sand bed. After a predetermined period of time, the basket was raised to a
water-jacketed, reversed-nitrogen flow section for rapid quenching. Sample weight before and after
the experiment were recorded. The ultimate analysis of the bark sample is shown in Table 1.

Experiments were conducted at sand temperatures 750, 800 and 850°C for pyrolysis; and 500,
600, 700 and 800°C for combustion. To achieve these temperatures, the furnace was set 90°C higher
than the desired sand temperature. The gas flowrate, 15,000 ml/min, was chosen to ensure that it was
three times higher than the theoretical air required at highest burning rate.

KINETIC MODEL

The bark combustion model under consideration contains three major components: bark
pyrolysis, char combustion, and heat transfer.

During pyrolysis, the organic portion of the bark converts to volatiles and solid char, i.e.,

Bark « heat -~ Volatiles « Char
) -V @

Here, the fraction of weight loss, V, is used as an index of bark conversion. The volatile compounds
include the gaseous species and tarry species disengaged from the char. Similar to a number of coal
pyrolysis studies (e.g., Howard, 1981), bark pyrolysis is treated as a first order reaction in the
following form

av . e
ALY @

where V_ is the final volatile yield as time approaches infinity. The pyrolysis rate constant k, is
assumed to follow the Arrhenius law

B
k, - koo ' : 3)
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where T, is particle temperature, and E, is the pyrolysis activation energy.

Similar to coal pyrolysis (Howard, 1988), we observed temperature dependence of V.. during
regression. Niksa (1988) proposed that phase equilibrium determines partitioning of tar in the gas
and condensed phase, and the final volatile yield in the gas phase, V., depends on temperature as
follows:

Ey

V.(T) - V,oe.r' 7 )

where V,, and E, are adjustable parameters.
In the presence of oxygen, oxidation of the organics in the char contributes to additional
weight loss

Char . O, = CO, + H,0

(W) ®

Assuming char combustion is first order with respect to oxygen concentration and the weight of char,
we obtain

W - k(V.V) - §W(0,) ©

Since oxygen was continuously fed into the combustor at a rate four times that required for burning
the volatile carbon, oxygen concentration is assumed to be constant during the combustion. Thus,
we can combine k,' and the oxygen concentration as a new constant k, and Eq. 6 becomes

W - (V) - W 0

Assuming that the combustion rate constant, k,, follows the Arrhenius law,
A

ky - ke "0 (8)

Mass transfer limitations, such as oxygen diffusion into the char, are usually involved in
combustion of particles of 1 cm in diameter, thus the rate measured based on Eqs. 7 and 8 should be
considered effective or global reaction rate (Carberry, 1976).

Combustion of volatiles generated in bark pyrolysis will also take place outside bark particles
at the same time,

Volatiles + 0, = H,0 « CO, Q)

However, since this reaction does not contribute to the weight loss and it is not included in the
present model. :

Weight loss measurements indicate that devolatilization of bark particles takes place almost
instantaneously at 800°C. However, at 500°C, devolatilization does not start until at about 20 s.
These observations imply that heat transfer is a limiting factor in the range of our investigation, and
an equation governing the temperature variation of the particle is required. Based on the published
value of thermal conductivity of cellulosic materials, 0.12 W.m"’ K" (Reed, 1983), the estimated
Nusselt number of heat transfer for a bark particle gives values in the range 0.8 to 1.8. Since this is
not a large number, we assume that the temperature is uniform inside a bark particle during pyrolysis
and combustion. It should be mentioned that there is evidently a radial temperature profile and
diffusion limitations of volatiles inside the wood particles with diameter 56 mm (Bilbao et al., 1993).
Energy balance yields

dr,
PoVoCpgl « AN(T-T) « €AO(T,-T,) « AH,r,W,, « AH,r, W, (10)

Equation 10 states that temperature rise of a bark particle is governed by convective heat transfer,
radiative heat transfer, heat of pyrolysis, and heat of combustion. We assume that the heat of
volatiles combustion is carried away by gas, and is not included in this equation. Our calculation
reveals that convection contributes to less than 20% of radiative heat transfer. Furthermore,
experiments indicate that char combustion is much slower than pyrolysis, and char combustion does
not contribute significant weight loss and temperature rise during the heat-up period. Thus, the first
and the fourth terms on the right hand side of Eq. 10 are eliminated in the regression process, i.e.,
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qT, .
P,V Co g - eA0(Ta-T)) + BH,r,W,, an

Again, due to the fact that significant char combustion does not take place during the heat-up
period, the bark particle external surface area, A, in Eq. 11 is assumed to be a constant during the
combustion process. The published value for heat capacity of bark, C,, is 0.327cal/g.°C (Reed,
1983), and the nominal density of bark particle, p,, was experimentally determined, 0. 42kg/dm’.

The model discussed above has three dynamic equations, Egs. 2, 7 and 11. Equations 3, 4
and 8 are also required for the integration of the three dynamic equations. The seven parameters, ko,
E,, ky, E, Vg, E; and AH, are recovered from regression through comparison of the model with the
data obtained from pyrolysis and combustion experiments. The optimization has been achieved by
resorting to BCONF/DBCONF, a subroutine in the International Mathematical and Statistical Library
which minimizes a multi-variable function subject to bounds on the variables using a quasi-Newton
method and a finite-difference gradient. The integration of the large sets of differential equations has
been carmied out on a Cray X-MP2/216 supercomputer with LSODE, a software package based on
Gear's method for solving stiff differential equations (Hindmarsh, 1982).

RESULTS AND DISCUSSION
The optimization procedure resulted in the following values of the seven system parameters:

ko= 1,557 s? E, = 37,333 J/mol
kg = 0.295 51 152 = 22,028 J/mol
Vo= 0.862 =228K

AH, =434 J/g of dry ba.rk

The value of final volatile yield, V, is in good accord with the reported volatile matter for
cedar bark, 0.869, moisture and ash free basis (Tillman et al., 1981). The heat of pyrolysis, AH,, is
somewhat higher than that reported for cellulose, 274 J/g (Bilbao ef al., 1993), and that for
cottonwood, 268 J/g (Pan, 1993). This discrepancy may be caused by the high heating rate, or the
assumptions used in the present study. It has been demonstrated that high temperatures favor
decomposition to volatiles, which require heat, while low temperatures favor char formation, which
release heat (Shafizadeh and DeGroot, 1976). Bilbao ef al. and Pan obtained their values through
DSC analysis with a heating rate below 20 °C/min, and the heating rate in the present study is above
400°C/min. The activation energy of bark pyrolysis is consistent with those found by other
researchers; 24,208 J/mol between 290 and 400°C (Bilbao ef al., 1993) and 52,900 J/mol above
325°C for pine wood (Bilbao ef al., 1991).

The experimental data in general are in good accord with the predictions of the model. Only
part of our results are presented below. Figures 2 presents the comparisons of pyrolysis and
combustion results from experiments at the sand temperatures 800°C. The predicted temperature
profiles of bark particle during heating are also included in this Figure. Slower rise in temperature
between 170 to 230°C indicates endothermic reaction of pyrolysis in this temperature range, which
is somewhat narrower than that reported by Wegner, 100 to 450°C (1991). Note that char
combustion does not contribute significant weight loss in the first 20s, while pyrolysis is essentially
complete during this time. This observation is consistent with the assumption that heat of combustion
of char does not play an important role during the heat-up period.

Figures 3 demonstrates the weight loss profiles during combustion at 600°C sand temperature.
The data generally conform well with the model predictions. However, at 500°C, the pyrolysis is
slower in the experiment than predicted by the model. This illustrates the limitations of the present
phenomenological model. Bark is a complex material and its decomposition products contain
numerous compounds, while the present model uses weight loss as an index of reaction conversion.
The assumptions associated with heat transfer can also cause discrepancies. Furthermore, from
thermodynamic principles and collision theory, both the frequency factor and the activation energy
can be functions of temperature (Zellner, 1984).

Fragmentation of bark particles and volatiles ignition during combustion may be important
to the future developments of phenomenological model. We observed fragmentation of bark particles
at temperatures 600°C and above. Each bark particle breaks into 2 to 6 pieces along its geological
planes after 15 to 25 seconds in the furnace, and higher temperatures cause more vigorous
fragmentation. Fragmentation results in increase in larger surface areas and therefore reduced transfer
limitations. Furnace temperature also affects ignition of volatiles. At 800 and 700°C, flame starts at
about 2 s after the bark particle is lowered into the furnace. At 600°C, flame was observed at about
5s. At 500°C, ignition was delayed to 19s.

CONCLUSIONS

Bark from pine has been investigated in both pyrolysis and combustion environments. The
experimental data are in good accord with a kinetic model which includes three dynamic equations:
bark pyrolysis, char combustion, and heat transfer to the bark particle. Three of the seven
parameters, final volatile yield, heat of pyrolysis, and activation energy of bark pyrolysis, are in good
agreement with published values for similar species. These results suggest that the model is capable
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of depicting the weight loss profiles in a furnace with a temperature in the range 500 to 850 °C.

Experiments also reveal that volatiles evolution and char combustion take place during two
different periods of time during the thermal process. Furthermore, fragmentation of bark particles
was also observed at temperatures above 600°C.
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TABLE 1. Ultimate Analysis of Bark (Report by Huffman Laboratory)

dry-loss, %
ash, %
carbon, %
hydrogen, %
oxygen, %
nitrogen, %
sulphur, %

4.92
4.08
51.20
5.66
40.67
0.21
0.02

The sample was ground prior to analysis. Moisture was determined by loss on drying in air
at 105°C to a constant weight and is on an as received basis. All other results are on a dried sample

basis by weight.
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A NOVEL SMOOTHING ROUTINE FOR THE DATA PROCESSING
IN THERMOGRAVIMETRIC ANALYSIS
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INTRODUCTION

Thermogravimetric (TG) techniques have been used in characterizing fossil fuels (1-
4) and in studying coal liquefaction kinetics, mechanisms, and processes (5.6). The TG
techniques have been providing sensitive, rapid, and reproducible measurements for those
purposes.

The primary output of thermogravimetric analysis (TGA) is in the form of a three-
column matrix of time, temperature, and mass (or mass%). The first derivative of the TG
(i.e. DTG) is capable of revealing fine details of the processes occurring more clearly for
sample characterization (2,7) and/or as an input variable for further analysis, for example,
in the SimDis (Simulated Distillation) TG technique (8).

There always is a limitation on the semsitivity of the TGA instrument. This is
particularly true for those analyses run at dither very low heating rates or very slow DTG
decay experiments, where small changes in mass occur. Therefore, smoothing and filtering
of these large data sets to obtain noise-frre DTG curves are crucial in those TGA
applications.

Several methods have been developed for smoothing and differentiation of
experimental data (9-15). The objective of this paper is to present a novel and specific
method for smoothing and differentiation of thermogravimetric data. The principle of the
method is based on the characteristics of the TG data (e.g. time vs. mass). Linear
regression and error apalysis are used in the smoothing and filtering routine. The computer
program required is simple and effective. The method used in the program promises auto-
convergence. The reported technique in this paper could also be applied to other analytical
instrumentation.

EXPERIMENTAL

The thermogravimetric analyzer (TGA) was a Model 51 TGA (TA Instruments, New
Castle, Delaware). The program of manipulation of the TG variables, such as heating rate,
type of purge gas and its flow rate, and final (or step) temperature, was determined by the
objectives of the particular experiment. The output matrix of a TG scan (time, temperature,
mass) was recorded by computer. The digitized data were then transferred into DOS
(ASCII) format using a program provided by TA Instruments. The ASCIH format data were
loaded into MATLAB (The MathWorks, Inc.) and processed using a MATLAB routine.

METHOD OF SMOOTHING AND DIFFERENTIATION

The General Problem. The random errors which, regardless of their source, are
characterized as noise are always present in the TGA measurements. This background noise
reduces signal-to-noise ratio, resulting in decreasing sensitivity. This is particularly true
when the DTG is the objective result of a TG scan. Figures 1 and 2 show the DTG plots
for TG scans run at a very low heating rate (1°C/min) and a very slow DTG decay,
respectively. These DTG plots were obtained from numerical differentiation of the original
TG data. As shown in Figures 1 and 2, it is necessary for the investigator to remove the
noise as much as possible without, at the same time, distorting the experimental data,
especially for those processes where small changes in mass occur. Smoothing and filtering
of these thermogravimetric data to obtain the noise-free differentiation (DTG curve),
therefore, are required in the TGA applications.

The Characteristics of the TG Data (time vs. mass). A TG curve of the Illinois #6
coal at a heating rate of 1 °C/min in 100 ch(STP)/min nitrogen is shown in Figure 3.
Thirty one data points of (t,w) taken from Figure 3 are plotted in Figure 4. The plot shows
a very good linearity between the mass and time. In general, this is always true for a certain
short time interval of a TG scan. It is this characteristic that is used to develop a method
for smoothing and differentiation of the TG data.

Smoothing and Differentiation by Linear Regression and Error Analysis. One of the
simplest ways to smooth fluctuating data is by a n-point (n=2k+1; k=1,2,3,...)moving
average procedure. In this method, a fixed odd number (2k+1) of data points are taken to
obtain the average for the center point, (k+1)th point, of the group. To move on, the first
point in the group is dropped, the next point at the end of the group added, and the process
is repeated. In statistics, noises in the data file are not filtered by this simple average
procedure.
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Consider a group of n (for example, n = 11) points of (t, m) taken from a TG file
and plotted in Figure 5. Based on the characteristics of the TG data discussed in the
previous section, a linear regression can be performed in this group by

m=a+bxt @

and represented by the solid line in Figure 5. The obtained linear regression parameters
(i.e.,a and b) can be used to estimate the m (mass) at each ¢ (time) in the group. The
errors () between the linear regression (m (i)) and experimental data (m,,, (i) in the
group are defined as

e = m () - m () @

The statistical parameters of the errors for this group, e.g. mean (e,
derivation (ey,) of the errors, are calculated by:

mean) and standard

T «®

isl

Cpoan = ——— (eg. n = 11)
n
3)
Y i) - e,
_ \ i
ey = ———————————

n-1

To eliminate the noise from this group, standard deviation of the errors can be used as a
criterion to define the filter range. This is plotted as dashed-lines in Figure 5. In detail, if
the experimental data point locates outside the filter range, i.e.e; > ey, it is considered as
a noise in the group. To filter this noisy point, it is replaced by an estimated value of m, (i)
using the linear regression. This filter procedure can be used on each point in the group
and a new data set can be formed. This new data set is plotted in Figure 6. The points
with "x"in Figure 6 represent the filtered data. Linear regression can be again carried out
in this new data group, followed with upgraded error analysis and filtering process. The
linear regression, error analysis and the filter procedure are repeated until the standard
deviation of the errors is below a predetermined value of e,, ,. In this study, a relative
standard deviation of the errors, rey,, rather than ey, has been used for evaluating the
calculations. This relative standard deviation of the errors is defined as e, times the
absolute value of the slope (DTG) of the linear regression, i.e.,

re, = abs(b) x e, )]

This relative standard deviation of the errors used as a criterion to evaluate calculations can
insure the precision of very slow process (i.e.,very low DTG scan). It has been found that
ey, Set at 10° gives very satisfactory results. The final regression results are used to
estimate the smoothed mass and differentiation for the center point of ey 1€,

m, =a+bxt, (&)

Since the standard deviation of the errors constantly decreases with iterations, the
computation method used in the program promises auto-convergence.

For a TG analysis, the n-point smoothing, filtering and differentiation routine has
been moved in the data file similarly as the moving average method which has been
described earlier. A scheme of the computation routine is illustrated in Figure 7. For the
"end-points” (i.e.,either the initial or the final k points in the data file), a different method
has to be used to evaluate them. One of the simplest ways to handle this "end-points"
problem is to throw them away, since these end-points usually are not important or not of
interest. In this study, the end-points have been simply assigned by their original values.
If the "end-points” become important, a much more sophisticated method developed by
Leach et al. (1Q0) could be used.

APPLICATIONS

SimDis TGA. A SimDis TGA method for determining the boiling point distribution
of liquid fuels is reported elsewhere (8). Original DTG plot for a petroleum sample, light
paraffinic vacuum distillate,is shown in Figure 2. To transfer the DTG decay into boiling
point distribution, it is necessary to smooth the noisy DTG data. The results of n = 0- (i.e.,
original), 3-,5-,7-,9-,and 11-point smoothing and filtering are illustrated in Figure 8. The
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more the data points used for smoothing and filtering, the smoother the DTG curve.
However, at the same time, the more CPU or the longer computing time are required.
More importantly, a large data number n used in smoothing increases the risk of distorting
the experimental data. Eleven-point smoothing and filtering has been found to give the
optimized results for the cases studied thus far. Figures 9a and 9b show the comparison plot
(i.e.,a plot including both smoothed results and original experimental data) and 11-point
smoothing plot, respectively. The results indicate the smoothing and filtering method used
in this study is very effective.

Characterization of coal structure. A representative TG scan on the Argonne
Premium Illinois #6 bituminous coal, which was dried in a vacuum oven with a nitrogen
purge at 105 °Cfor 48 hours before use, is shown in Figure 10. The two phases, i.e.,1) the
heating rate to 950°C in nitrogen and hold for 7 min; and 2) the oxidation at 950°C,
provided measures of VM, FC, and Ash, respectively. The differential of the weight loss
(DTG) curve highlights the various TG processes more clearly. This becomes even more
distinct and complex if the heating rate is slowed down to about 1 °C/min (2). However,
the original DTG plot for this low heating rate shown in Figure 1 is so noisy that the
processes involved in the TG scan could not be distingnished. The comparison plot and the
11-point smoothing results for this low heating rate scan are shown in Figures 11a and 11b,
respectively. The processes involved in the TG pyrolysis of the coal at this low heating rate,
as shown in Figure 11b, are very clearly distinguished. The low temperature peak
represents the loss of residual moisture below 200 °C. The main Volatile Matter peak starts
| at 350-400 °Cand actually consists of three or perhaps four individual weight loss processes.
The large peak is broad and probably consists of a number of pyrolysis processes. The well
defined peak at 571 °Cis tentatively identified as due to pyrite decomposition to pyrrhotite
and sulfur because this peak is absent in coals containing little or no pyrite. Also, the
decomposition temperature corresponds closely to that reported for pyrite (16). Two other
small peaks are not yet identified but are fairly broad. They disappear gradually during coal
liquefaction (5).

With this smoothing and filtered method, the sole function of the computation is to
act as a filter to smooth the noise fluctuations and hopefully to introduce no distortions into
the experimental data. The problem of distortion is quite difficult to assess. In Figures 1
and 2, there are small fluctuations in the raw data. Are these fluctuations real, or, as is
more likely, are they just noise? The question can not be simply answered by taking just
the data from a single run. However, if two or three runs were taken, they gave the same
results or, more characteristically, in same patterns. These indicated that the fluctuations
. are due to the noise, since the random errors will not recur in exactly the same place in
' different runs. The results of duplicate tests on all samples inspected in this study suggest
that the fluctuations are truly due to noise.

CONCLUSION

For a certain short interval of a TG scan, the correlation between the mass and time
is linear. A smoothing and filtering routine based on the use of linear regression and error
analysis has been developed and successfully applied in the thermogravimetric data
processing. This method provides a filter to smooth the noise fluctuations and, at the same
time, to introduce no distortions into the TGA experimental data. The computer program
required is quite simple and effective. The method used in the program promises auto-
convergence.
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Figure 7 Flow-sheet of the n-point smoothing and filtering procedure
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ENERGY STORAGE MATERIALS AND COATINGS.
DSC AND FLAMMABILITY STUDIES

Michael W. Babich and Ramazan Benrashid
Department of Chemistry
Florida Institute of Technology
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Melbourne, Florida 32901-6988
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Introduction

For many years investigations into the thermal and moisture storage properties of materials undergoing
reversible phase changes in the temperature range of interest for that particular application have been conducted.
The prototypical material is, of course, water at O°C or 100°C. The interest in these materials has arisen
largely from the need to conserve fossil fuels and cut energy costs. Both reasons are still valid. (1-2)

These materials have been called phase change materials, (PCM’s), Energy Storage Materials (ESM’s) or
enthalpy storage materials in the literature, and these terms are used interchangeably for the most part. They
have been incorporated into a wide variety of components used in construction and fabrication of everything
from buildings to packaging materials to space suits.

Interest has existed in phase change materials for thermal storage since the late 1940’s largely due to the
pioneering studies of M. Telkes using Glauber’s Salt. (3,4) These studies set the tone and path for work to
follow even through thermal storage using this salt was never widely commercially successful. The primary
disadvantage of Glauber’s Salt is phae segregation upon melting. Work prior to the latest ESM materials was
reviewed by Lane in 1987. (5) The early work concentrated heavily on melting of salt hydrates and gave quite
mixed results. Non-segregating hydrates (those with congruent melting) such as
MgCl, - 6H,0 at 117° gave the best results, but are not always available for the temperature range of interest.
Table 1 shows a selection of these types of materials which have been used commercially and their temperatures
of transition.

One of the most novel approaches developed was to use the solid-solid transition in polyalcohols the
temperature of which can be somewbat adjusted by blending. These materials include pentaerythritol and
neopentyl glycol (6,7). These transitions have been studied from 25° to 140°C. The lower temperature cases
have not proven very useful as yet in any actual application.

Our area of primary interest, of course, has been in the application of phase change materials for
thermal storage. PCM’s have been used supplementally in both passive heating and cooling applications. These
PCM’s incorporated into construction materials can function to limit the temperature variation in a commercial
or residential structure over a twenty four hour cycle by releasing heat during cooler periods and absorbing heat
during warmer periods. Energy savings of 30 - 70% have been projected and up to 90% of annual sensible
cooling could be shifted to off-peak hours. Further, coupling enthalpy storage with moisture storage has been
shown to control humidity as well.

Lane has listed some of the following properties for phase change materials. (5) This list was modified
by Babich and Hwang and is shown in Table 2. ( 8-9)

How the importance of the properties on this list are weighted depends entirely on the application
intended. The optimum set of properties can be determined for each situation. The choice may be economics
driven in one case or application driven in another. It is for this reason that we strongly feel no one material is
likely to solve every problem. Instead a range of good phase change candidates must be available to fit the very
many possible uses for these materials.

These ESM materials have been evaluated by a wide variety of methods, but the most successfully used
thus far is differential scanning calorimetry (DSC). This method works well for both neat and adsorbed
materials and for both heating and coating cycles. It has also been successfully demonstrated that the small
sample size used in these studies gives totally reproducible results in large scale tests. (9) An actual DSC curve for
undecylenic acid is shown in Figure 1.

From these curves one may readily obtain the heat of fusion or freezing and also the range of melting
or freezing. Supercooling, if present, is obvious in these studies and the shape (width) of the transition is easily
seen. These factors make this technique the method of choice. Differential Thermal Analysis (DTA) has also
been used is some of the earlier work with some success. Actual bulk studies have been carried out utilizing
structures ranging from passive test boxes to full scale room testing. These investigations have been described in
detail in other work (10) In tests conducted at the Florida Solar Energy Center (FSEC) it has been shown
conclusively that bulk tests agree very nicely with DSC studies conducted by Babich et al. (11)

PCM’s have now been developed which can be added to building materials e.g. wallboard, and which
will contribute significantly to reduction of heating and cooling costs. There are three schools of thought with
overlapping classes of compounds which presently represent the main efforts in low temperature thermal storage
via energy storage materials. These areas can be subdivided by the approaches followed into the area of farty
acids and specificly blended mixtures thereof pioneered by Shapiro and coworkers, the long chain hydrocarbons
developed by Salyer and coworkers and the more broad based search for new marerials or the coating of older
ones for specific uses by Babich et al.

Low melting fatty acids and blends of fatty acids have been considered as PCM'’s for several years. They
have good properties in many respects. They are low-volatility, high boiling, low melting, organic marerials
which are readily imbibed by construction materials like gypsum wallboard. Further, many examples like
coconut oil are very inexpensive making them very attractive as PCM’s. Research by Shapiro and others has
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been largely driven by economic coisiderations as well as properties (12-14). Some of the fatty acids and fatty
acid mixtures studied carly on are shown along with their thermal characterisiics in table 3. Many of these
mixtures are commercially available.

These materials are imbibed well into wallboard at very easily reproduced rates and with readily
measured masses as shown in Figure 2. Further, they tend to be reasonably chemically stable and remain
strongly absorbed indefinitely through many thermal cycles. They have normally been studied in the range of
20-30% absorption by mass. For these materials supercooling is not a problem at the rate of temperature change
in normal structures. Actual room size structures using wallboard imbibed with fatty acid have been constructed
and function well thermatly.

The real drawbacks to the use these materials lay in two main areas. First they are asthetically
unappealing. They have odors which were not very evident in lab scale testing but become very strong in large
scale testing precluding their use in many structures. They also discolor the wallboard slightly which can be
overcome by painting. They contribute both to flame spread and smoke production in flammability tests as
shown in Tables 3. (15,16) It has been stated that fatty acids may exhibit corrosivity in some applications though
this has not been conclusively demonstrated, and also that they may promote mold growth.

Low melting long chain hydrocarbons (sometimes called hydrocarbon waxes) have also been effectively
utilized as PCM's absorbed into wallboard(17-19). They, like the fatty acids, also have good properties in
several respects. These are also low volatility, high boiling, low melting organic materials which can be imbibed
effectively by wallboard. A group of these materials studied and their thermal characteristics are shown in
Table 5. Some of these are also available at very low cost. Witco Chemical Company for ple can provide a

y n-octod (K-18) at ~$0.50/1b/as apposed to 99% pure n-octedecane at ~$10.00/1b. These
hydrowbons have also been effectively encapsulated and pelletized. (19)

These are used at approximately the same loading, 20-30% by mass, as the fatty acids and mixtures. The
thermal characteristics are similar. These materials are chemically quite stable though some breakdown over
extended times has been noticed. (20). Supercooling is also no problem in these materials at normal ambient
thermal cycling rates.

Drawbacks, however, in these materials are quite similar to some of the fatty acids. The chief problem
is once again flammability and smoke production. Again epoxy coatings can be effective reducing flammability
in some cases to that of untreated wallboard. These PCM’s do not support mold growth.

Babich et. al. have taken the approach of ESM’s tailored to specific purposes and/or controlling the
disadvantages of materials discussed in sections 1 and 2. (8, 9, 11, 20) Many materials have been studied including
inorganic materials and silicone waxes some of which show great promise. Work in the area of new materials is
in its infancy and is just beginning to yield good results. Further coupling of PCM’s with moisture storage
coatings may be of even greater utility. (21) These workers have reexamined several organic PCM’s and
investigated several new ones as shown in Table 5. Many of these, expecially hexadecane, 1-dodecanol and allyl
palmitate work exceeding well. (9} Unfortunately, allyl palmitate is too expensive for routine commercial use
unless a newer, less expensive source can be found.

Babich et al have also clearly demonstrated and discussed at length the effectiveness of coatings of epoxy

paints with aluminum and magnesium hydroxides for control of flammability. (22,23) Rate of flame spread, rate
of heat release and onset of smoke production have been greatly retarded. In many cases the treated material is as
good as untreated wallboard. ASTM and NBS approved tests have been used and sample results are shown in
Table 4 and Figure 3. In this figure the amount of control the coating yields is most obvious. The incremental
cost increase for this method is very small as most commercial wallboard will have to be painted anyway. These
coatings could be applied as the primer by wallboard manufacturers or in the structure after construction.
Additionally this method may be successfully coupled with any of the materials discussed previously.
Also a method has been developed with tremendous potential to couple ESM’s with moisture storage systems.
(21, 24) This approach, if further developed, could lead to new combinations of materials which will accomplish
thermal storage with humidity control and be fire retardant as well. New congruent melting, salt hydrates are
also currently under investigation both for ESM use and in coatings combining moisture exchange with ESM
properties. Other dessicant materials are also being tested for use in coatings.

S .

Tremendous potential exists in the area of ESM’s for energy storage and in the area of moisture storage
materials coupled with the ESM’s. The efficacy of ESM materials for energy storage has clearly been
demonstrated as has the utility of moisture storage agents for humidity control. The effectiveness of coatings in
reduction of rate of flame spread, onset of smoke production and rate of heat release is indisputible. DSC is
clearly the method of choice for preliminary studies of these systems.
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Central solar Heat
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Physicat Favorable type of pnase transttion
Table 1. Examples of Available Phase Low vapor pressure
Change Materials - Salt Hydrates Wigh reproducibility

Littte change In volume

Chemical Compatible with construction materiat
Long term stabliity of materials
Non-toxic
Non-corrusive
No acditionat fire hazard
Low smoke production In fires
No sensory Irritation
Good aesthetic qualities
Kinetic No supercaoiing

Suffictent crystafizaton rate

Economic  cost

Avalablity In manetsiace

Table 2. Desirable Properties
for Phase Change Materials
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Material mp (°C) AHp (jfa) P (°C} -aHf(j/g)

EMB25 Coconut Acid 25.0 107.4 15.8 110.1
EMB26 Coconut Acid 25.4 119.1 176 119.6
EMB27 Coconut Acid 30.0 117.2 268.2 1471
EME59 Capric Acid 288 147.4 2.2 140.7
EMB51 Lauric Acid 420 1329 7.9 13455
EM Methylpaimilate 26.8 104.3 20.0 94.1
EK Capric Acid 31.0 1286 271 125.8
EK Lauric Acid 425 1266 381 1315
EK Methylpalmitate 28.8 163.2 233 160.9
EK Methylstearate 37.0 160.7 322 158.5
SG Undecylenic Acid 24.4 143.5 19.4 144.2
Capric Acid / Lauric Actd Ratlo
10 28.8 147.4 232 140.7
oan 258 7 18.2 38.1
73 17.7 60.2 131 51:1
&5 197 55.5 15.5 40.8
an 205 123.8 26.9 62,6
19 374 125.7 234 118.9
on 42.0 132.9 379 1345

Table 3. Themmal Results for Fatty Acids and Fatty Acid Mixtures

EM = Epery Chemical Co., EK = Eastman Rodak Chemical Oo..
5G = Sicma Chemical Co.
Samples ¥of D0 D240 D475 Dc  Comected Dm/Wt Weight Sanmple
Sample Dm G Weight
a-Cellulose 5 54 9 195 7.8 1.95 27
Wallboard 3 L4 19.5 5.4 08 6.3 49.2
FR Wallboard 3 08 16.2 378 0.7 6.1 587
s1 3 89 2413 505.3 8.1 151 63.3
S1 Epoxy 3 23 101.6 4718 2.0 12,6 70.4
S1 AI(CHn ] 0.7 36.0 497.6 73 10.3 68.20
S1 Mg(OH)yy 3 0.4 15.1 303 12 2.9 0.2
S2 3 7.7 2978 4968 LS 4797 7.8 n2 97
S2F h) 9 2193 4662 11 1617 7.5 10 62
52 Epoxy h) 34 267 118 2 1861 8.1 98 58.6
S2F Epaxy h) k%) 249 1768 29 480.7 72 0.9 65.4
52 ANOH)y k) 2] 174 261 35 419 3 1o 592
52 Mg(OH)y h) 27 218 ™ 735 4386 3 118 517
SFS2 ANOHyy 3 33 118 225 3 4612 7.1 10.9 653
SFS2 Mg(OH)y, 3 0.9 107 2484 27 1% 6.1 122 €Ly
sersersrmens
8 3 24 180.5 435 494 8.7 108 6.9
$1 Epoxy 3 58 160 4893 4969 81 93 613
53 ANOH)y b} 14 1285 4183 3 102 625
$3 Mg(OH)y 3 0.9 1132 79 14 614
b2} 3 10.4 1046 99 133 1876 86 124 369
S4 Epoxy 3 123 393 2087 3 498.3 2.2 126 2
S4 ANOH)y 3 133 392 0013 a2 194.7 9.3 11.7 336
54 Mg(OH)y 3. 0.6 131 1211 2.5 427 16 10 56.6
Sl=Hexadecane
S2=1-Dodecanol
S3Undecylenic acid
S4=Coc-mt oil

Table 4. Results from Flame Spread Test.

Material mp °C  AHp, (jlg) fp °C  AHglilg)
n-Hexadecane b 200 216 10.4 220
n-Octadecane a 28.4 200 179 200
1-Dodecanol b 238 184 17.5 190
n-Heptadecane b 226 184 19.0 165
Allylpaimitate d 228 173 16.2 125
Undecylenic Acid e 248 141 18.1 143
1-Nonadecane b 2.2 13 20.1 134
1-ledohexadecane b 222 131 8.6 132
n-Octadecylacrylate ¢ 25.7 115 221 99
Diphenyl ether b 27.2 97 -8.2 81
Diphenyimethane b 24,4 88 -3.3 75
Chlorobenzothiazole b 18.8 65
3-lodoaniline b 225 64
Polytetrahydrofuran b 17.5 59 0.1 76.4
Trimethylcyclohexene b 24.1 47
Phorone 258 124 1.2 37

Table 5. Thermal Results for New Enthalpy Storage Materials
*Average of three measurementg. Average standard
deviation for mp and fp = 0.3°. Average standard
deviation for H = 4 j/g. (a) Mainstream Engineering
Co., (b) Aldrich Chemical Co., (c) Scientific
Polymer Products, Inc.,
{e) Sigma Chemical Co.

(d) Dajac Laboratories, Inc.
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INTRODUCTION

Asphalt has been used in the construction of roads and houses for
thousands of years. The properties of asphalt has rendered it quite useful
in roofing and waterproofing applications. The most popular use of
asphalt in industrial roofing is in the form of a built-up roof or modified-
biturninous sheet. This type of roof consists of asphalt, reinforcement and
aggregate which is used to protect the asphalt from ultraviolet rays. All
materials have their weaknesses and asphalt is no exception. A good
asphalt (e.g., low asphaltene content) must be used to ensure the quality
and low-temperature performance of roofing asphalts. Polymer additives
can be added.

The criteria for choosing a polymer additive are: (a) the viscosity of the
asphalt should not be significantly altered (b) It must be sufficiently
compatible with the asphalt so as to avoid any phase separation during
application (even at high temperatures). (c) It must improve some of the
mechanical properties of the asphalt such as resistance to permanent
deformation, fracture and high-temperature. In low-temperature
environments, the polymer must be able to enhance the low-temperature
flexibility and lower the glass-transition temperature (Tjg) of the asphalt.
Two commonly used polymer additives are styrene-butadiene-styrene
block copolymer (SBS) and atactic polypropylene (APP). The exact
amount of polymer added depends on the polymer and desired property.
For example, 10-15% of SBS is sufficient to yield a continuous phase in
the asphalt.

Roofing membranes have been used for many years. In the past, the
testing of various roofing materials was simple because of the
accumulated experience and also because of the lack of variety. Today,
with the variety of additives, it is quite difficult to compare them solely
on the basis of mechanical properties. This is especially true since the
mechanical properties of these materials are not only related to
macroscopic behaviour but also at the molecular level which is controlled
by chemical composition and molecular arrangement.

Thermal analysis is a technique that can provide some insight as to why
some roofing materials do not perform properly. In the past seven years,
quite a few papers have been published using these techniques for roofing
(see references 1-10 and references therein). Thermogravimetry (TG) can
be used to monitor weight loss due to weathering and/or aging. Dynamic
mechanical analysis (DMA) can be used routinely to determine the glass
transition temperature. Together, DMA and TG can provide a measure of
the degradative factors which can lead to the correlation between
accelerated weathering and actual field performance. The objective of this
study is to demonstrate the utility of TG and DMA in establishing the
durability of modified-bituminous roof membranes.

EXPERIMENTAL

Composition of Modified Bitumen Membranes.

Four commercially-available, polymer-modified bituminous roofing
membranes were obtained and labelled as SBS1, SBS2, SBS3 and APP1.
A typical composition for the roofing membrane samples used in this
study is given in Table I. The quantities will vary from product to
product. It should be noted that the granules, reinforcement and

38

~-—




7
!
|
'

polyethylene account for between 36 and 40% of the total weight of a
cap sheet but are excluded from the percentages listed in Table I.

Sample Preparation

Each material was cut into seven pieces of about 150 x 250 mm. One
piece was used as a control, three were placed in an air-circulating oven
preheated at 80°C, and the remaining three were placed in an
air-circulating oven set at 100 °C, for heat-aging. One piece of each
material was removed from the oven, after 1, 7, and 28 days. Specimens
were cut out for tensile testing and thermal analyses.

Thermogravimerry (TG)

The weight-loss of each roofing sample was monitored by
thermogravimetric analysis using a Seiko Instruments Inc. STA 320
interfaced to a HP-900 Workstation. A piece of approximately 20 mg of
sample was cut without including granules. The analyses were carried out
at temperatures between 20 °C and 600 °C using a nitrogen gas flow of
150 mL min-! and from 600 °C to 1000 °C under air. The scanning rate
was 20 °C min-1. Throughout this study the derivative TG (DTG) curve
was used as it provided the desired quantitative data (see Fig. 1). The
data are tabulated in Table II as a function of heat-aging temperature and
exposure-time.

Dynamic Mechanical Analysis (DMA)

The glass transition temperature of the membranes was obtained using a
Rheometrics RSAII (software version 3.0.1) dynamic mechanical
analyzer equipped with a mechanical cooling' device. The following
experimental profile was used for this study:

Geometry: 3-point bending
Sample width: 8 - 10.5 mm
Sample thickness 3.5 - 4.0 mm
Sample length  48.00 mm
Sweep type Temp. steps
Frequency: 1 Hz (6.28 rad/sec)
Temperature Range: -100 °C to +30 °C
Heating Rate: 2.0 °C/min
Soak Time: 2.0 min
Strain: 2x102%

Typical DMA curves are shown in Fig. 2. The glass transition
temperature, T, (0-transition values) was obtained from the average of
at least two and no more than four specimens from the same sample. The
values are reported as the maximum in the loss modulus (E7) vs
temperature curve. It is also possible to use the maximum of the tand
peak vs temperature curve, however, it was found that the E" curve gave
a better correlation with traditional mechanical data (e.g., tensile and
elongation). The glass transition temperatures of the various samples are
summarized in Table IIL.

RESULTS AND DISCUSSION

Three SBS (styrene butadiene styrene) modified membranes and one APP
(atactic polypropylene) modified membrane were selected. The granules
on the SBS modified membranes should be taken into account during
analysis because they account for approximately one-third of the total
weight and are not affected by high temperatures. Their presence
minimizes the weight loss detected during the actual experiment. For this
reason, the granules were removed from the SBS samples prior to
testing. The APP modified membrane did not contain granules.

The results of the TG show that the polymer-modified bitumens are not
affected by short term exposure to temperatures of 80 and 100 °C. But
two samples show a large loss of weight after being heated in an oven for
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28 days at 100 °C. The weight loss for SBS1 and SBS2, as determined
by TG, is much less after 28 days of heating at 100 °C than it was at 7
days. Thus, weight was lost in the oven during the aging. This
demonstrates that this technique can be useful in determining the relative
stability of modified bituminous membranes. It is likely that changing the
conditioning by heating the membrane in an oven for six months at 80 °C
would provide a better reading on the long term durability of these
membranes. In the field, loss of protective granules, which is a problem,
will also expose the bitumen to UV radiation and accelerate the overall
rate of deterioration of the membrane.

Generally, the glass transition temperature of control SBS modified
membranes is in the -48 to -50 °C range. Heat aging, however, gradually
raises the Ty to around -30 °C. On the other hand, the APP modified
sample appears to be unaffected by heating as its Tg remains constant at
-30 °C. Most samples also showed a another transition around -15 °C.
While the component responsible for this transition is still unknown; its
existence, however, might indicate that installing SBS-modified
membranes in sub-zero temperature, using hot asphalt, as specified by the
manufacturers could cause problems. It should be noted that all
manufacturers call for their membranes to be unrolled and allowed to
relax prior to installation.

CONCLUSIONS

The modified bituminous membranes, because of their low softening
temperature and their complex chemical composition, provide results that
are more difficult to interpret than the previously published EPDM and
PVC membranes. The results, nevertheless, appear to be quite reliable
when compared to the performance of these membranes in the field.

The results have shown that APP-modified material had a warmer glass
transition temperature than the SBS-modified. The APP-modified
bitumen, however, was more heat resistant than the SBS-modified ones.

The heating-aging temperature of 100 °C is not recommended because of
the low softening point of the asphalt. A heat-aging temperature of 80 °C
for six months could be preferable to assess the relative durability.

Loss of weight resulting from heat-aging affects the performance of
modified bituminous membranes and appears to be an important factor in
determining service-life. Little weight loss (~5%) after aging/weathering
is indicative of stability to the aging program.
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Table I Typical matrix composition of SBS modified membranes

Ingredients % by weight Function
Bitumen 66 - 74 Waterproofing agent
Rubber modifier 11-16 Imparts elastomeric properties
Filler 11-18 Provides rigidity
Table TG data for modified bituminous membranes
Heating Schedul Weight Loss (%
Temp ( °C) | Days | SBS1 | SBS2 | SBS3 | SBS4
unheated 71.8 | 784 |} 555 | 78.2
80 1 69.1 | 80.6 | 57.3 | 78.8
80 7 716 | 71.9 | 54.8 | 78.8
80 28 703 | 70.8 | 553 | 77.0
100 1 703 | 748 | 57.6 | 740
100 7 692 | 730 | 551 | 759
100 28 363 | 299 [ 52.1 | 73.8

Table HI Glass Transition Temperature (Tg) of Modified Bitumens

Heating Schedule Tg ( °C) for Samples
Temp ( °C} | Days | SBS1 | SBS2 | SBS3 | APP1
Unheated -50 -50 -48 -30
80 1 -50 -50 -46 -30
80 7 -40 -50 -46 -30
80 28 -40 -48 -50 -30
100 1 -40 -40 -50 -30
100 7 -40 -40 -48 -30
100 28 -30 -30 -30 -30
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Figure 1. Typical TG/DTG curves for a polymer-modified bilumen roof
membrane.
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ABSTRACT

Thermogravimetric (TG) analysis combined with Fourier Transform Infrared (FT-IR) analysis of evolved
products has proven to be a powerful technique for characterization of coal, source rock, heavy
hydrocarbons, biomass, waste materials, and plastics. The TG-FTIR method can be used to determine the
resource potential of a material, i.e., the types of products a material is likely to produce when subjected
to processing by pyrolysis or combustion. It can also provide kinetic information for model validation
or extrapolation and can provide the equivalent information to proximate and ultimate analysis. In
addition, TG-FTIR analysis can be used to characterize the adsorbent potential and combustion reactivity
of solids. The TG-FTIR method can provide this information in a more rapid, reproducible, and
inexpensive way when compared to most other types of laboratory characterization methods such as drop
tube reactors. This paper reviews the application of TG-FTIR analysis to hydrocarbon fuels and resources.

INTRODUCTION

Thermogravimetric analysis (TGA) has been employed in coal science to perform a number of
characterizations including: proximate analysis,' kinetics of weight loss,? char reactivity,” and gas
adsorption measurements.” A complementary technique, evolved product analysis, has been employed
to study pyrolysis product distributions and kinetics,*"! functional group compositions,'®'>* and
temperature programmed desorption."'* A TG-FTIR instrument combines TGA with evolved product
analysis by Fourier Transform Infrared (FT-IR) spectroscopy. FT-IR analysis of evolved products has
advantages over mass spectroscopy in allowing analysis of very heavy products, and over gas
chromatography in speed.

TG-FTIR instruments are available from several instrument manufacturers, including On-Line
Technologies, Inc. (On-Line), an affiliate of Advanced Fuel Research, Inc. (AFR). In addition, Bio-Rad
and Perkin-Elmer, among others, offer a TG-FTIR instrument. One of the differences among these
instruments is the method used to analyze and quantitate the heavy liquid products from pyrolysis of the
sample, which form an aerosol upon subsequent cooling prior to entry into the multi-pass FT-IR cell.
These instruments have primarily have been used for the analysis of polymers, pharmaceuticals, minerals,
etc., including a limited amount of work done at AFR."**" Nearly all of the work on the application of
TG-FTIR to hydrocarbon fuels and resources has been done at AFR or its collaborators. Consequently,
the scope of this review will be limited to this body of work.

The application of TG-FTIR to coal analysis at AFR has been described in several publications.'** To
analyze coal, a sequence of drying, pyrolysis and combustion is employed to obtain: proximate analysis,
volatiles composition, volatiles kinetics, and relative char reactivity. By using several different heating
rates, kinetic rate constants for volatiles evolution have been obtained.'”?' TG-FTIR analysis has also
been used at AFR to characterize other hydrocarbon materials such as modified coal samples, 2 coal
liquefaction resids,”® petroleum source rocks, lubricants,”! biomass, *** waste tires,*** and
polymers.'”?3" This paper will briefly review the use of the TG-FTIR technique at AFR for the
characterization of hydrocarbon fuels and resources.

EXPERIMENTAL
3

Apparatus - A schematic of the AFR TG-FTIR instrument is presented in Fig. 1. Its components are as
follows: a DuPont™ 951 TGA,; a hardware interface (including a furnace power supply); an Infrared
Analysis 16 pass gas cell with transfer optics; a Bomem 110 FT-IR; (Resolution: 4 cm™, Detector: MCT).
A helium sweep gas (250 cc/sec) is employed to bring evolved products from the TGA directly into the
gas cell. A window purge of 700 cc/sec is employed at each end of the cell. The system is operated at
atmospheric pressure. This instrument package is available commercially as the 7G/plus from On-Line
Technologies, 